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Abstract

Design data needed for fusion reactors are characterized by the diversity of materials and the complexity of loading
situations found in these reactors. In addition, advanced fabrication techniques, such as Hot Isostatic Pressing, en-
visaged for fabrication of single and multilayered in-vessel components, could significantly change the original materials
properties for which the current design rules are written. As a result, additional materials properties have had to be
generated for fusion reactors and new structural design rules formulated. This paper recalls some of the materials
properties data generated for ITER and DEMO, and gives examples of how these are converted into design criteria. In
particular, it gives specific examples for the properties of 316LN-IG and Modified 9Cr-1Mo steels, and CuCrZr alloy.
These include, determination of tension, creep, isochronous, fatigue, and creep—fatigue curves and their analysis and
conversion into design limits. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

The objectives of the current fusion technology pro-
gramme can be divided into three types of reactor: (1) an
International Thermonuclear Experimental Reactor
(ITER), (2) a DEMOnstration reactor (DEMO) and (3)
a Commercial Fusion Reactor (CFR). From the struc-
tural materials point of view, ITER is a low temperature
reactor (<300°C); its main technical objectives are to
demonstrate controlled ignition and extended burn.
DEMO is an elevated temperature reactor (EU design
250-550°C); it extends the ITER objectives to include
sustained burn and tritium breeding. CFR, would very
likely be an even higher temperature reactor ( = 550°C);
it is intended as a viable alternative to the present
commercial fission reactors. All these reactors have a
common major obstacle in their development, i.e. the
availability of materials to resist the severe thermo-me-
chanical loadings and irradiation damage encountered
in the fusion reactors.

It is, therefore, not surprising to note, that, a major
part of the fusion R&D work has focused on the de-
velopment of new materials or characterisation of ex-
isting materials for fusion environment. It is also not
surprising to note the diversity of materials and manu-
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facturing techniques needed to satisfy demands of vari-
ous fusion reactor components [1].

In this paper we discuss some of the materials
properties data generated for ITER and DEMO and
give examples of how these are converted into design
limits.

2. Materials

Three types of materials are considered.

e Stainless steel type 316LN-IG, used in the structural
components of ITER (vacuum vessel, back-plate,
manifolds, shield, divertor cassette body,...) [2].

e One of the two copper alloys, DS-copper and
CuCrZr, envisaged for high heat flux components
of ITER (first wall and divertor) [3].

e Martensitic steel type Modified 9Cr—1Mo [4], low ac-
tivation grades [5] of which are developed for the
structural components of DEMO.

Table 1 gives the chemical compositions of these al-
loys. Notice that the type 316LN-IG steel is similar to
the nuclear grades of 316LN steel specified in US and
Japan, and in particular in Europe to the steel Z2 CND
17-12 with controlled nitrogen addition, see RCC-MR
[6]. This similarity allows us to use the information
available in these codes and, hence, considerably reduce
the work needed for qualification of this steel for fusion
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Table 1

Chemical compositions (wt.%) of the three materials discussed in this paper

wt.% 316LN-IG 9Cr-Mo CuCrZr-1G
C 0.015-0.030 0.080-0.120

Mn 1.6-2.0 0.30-0.50

Si <0.50 0.20-0.50 (0.011)

P <0.025 <0.020 <0.04

S 0.005-0.01 <0.010 (0.0023)
Cr 17.0-18.0 8.00-9.00 0.65-0.80
Ni 12.0-12.5 <0.20

Mo 2.30-2.70 0.85-1.05

Al <0.040

Fe Bal. Bal. (0.010)
Nb + Ta + Ti <0.15 0.06 < Nb < 0.10

Vv 0.17-0.25

Cu <0.3 <0.10 Bal.

Zr 0.07-0.15
0, (0.0020)
B <0.0020

Co'! <0.25 (0.06)

N> 0.060-0.080 0.030-0.070

! In irradiated materials less than 0.05%.

reactors. The Modified 9Cr—1Mo steel is also similar to
the same grade steels used in US, Japan, and Europe, see
Z10 CDVND 9.1 in RCC-MR [6] and Grade 91 in
ASME [7]. The equivalent grades of this steel envisaged
for DEMO, have molybdenum and other high activa-
tion elements replaced by their equivalent low activation
elements (e.g. W). CuCrZr alloy discussed here, is sim-
ilar to the alloy used in JET, and currently proposed as
an ITER Grade specification [8]. However, unlike the
two steels mentioned above, this alloy is not code
qualified and its database is relatively poor.

3. General design considerations

Design limits are derived from qualified material
databases. That is, the data collected for a given material
are first sorted out and then verified against a set of
criteria before being integrated in the database. One of
the important considerations checked during the above
verification is the initial state of the materials. For in-
stance, the data collected on Type 316LN steel are
sorted out to retain those relevant to a solution annealed
material (30 min at about 1050°C), and a grain size
number of 4-6. Likewise, the data on Modified 9Cr—
1Mo steel are sorted out to retain those relevant to a
quenched and tempered material (for tubes normalisa-
tion at >1040°C, and temper at >730°C). In addition,
the data generated are further classified according to the
product sizes and shapes. These verifications are par-
ticularly important for materials such as Modified 9Cr-
1Mo steel and CuCrZr alloy (30 min at 980°C, 50-90%
C.W., 4 h at 450°C) that rely on tightly defined thermo-

mechanical treatments to achieve their optimum prop-
erties. Also to be noted is, that, the safety factors in-
cluded in the design codes are for such materials, and
only cover eventual degradations of materials with such
initial properties during a given service condition.

While it is admitted that some of the fabrication
procedures envisaged for fusion reactors components
will significantly affect the initial materials properties !
[9-12], we assume that these processes will be sufficiently
optimised in time, in a way that the properties of the
stainless steel and the martensitic steel will remain within
their original specifications. In the case of CuCrZr,
knowing that it would be practically impossible to cold
work these alloys after their joining to steel, whenever
possible, we shall use the data generated on materials in
the quenched and aged condition (980°C +4 h at
450°C).

For simplicity and space, the discussion is limited to
the unirradiated properties. The reader is referred to
ITER ISDC reports for work on irradiation effects [13].
The external data sources used in this paper are mainly
RCC-MR [6], ITER ISDC [13] and ITER MPH [8].

"' This is particulatly true for the in vessel components,
where advanced fabrication techniques, such as Hot Isostatic
Pressing, are envisaged for fabrication of single and multilay-
ered components. These techniques usually involve holding the
material at very high temperatures (1000-1100°C) for relatively
long periods. As a result, the initial materials properties could
significantly change.
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Fig. 1. Average yield stress versus temperature trend curves for stainless steel, martensitic steel and copper alloy.

4. Tensile properties

The allowable primary membrane stress intensity is
designated as S, and is deduced from the following
tensile properties.

e The 0.2% offset yield stress obtained in an uniaxial
tension test at a given strain rate, R, or Sj.

e The engineering stress at the point of maximum load
in a uniaxial tension test at a given strain rate, Ry, or

Sy-

4.1. Average tensile properties

Fig. 1 shows plots of the average S, versus temper-
ature for the three materials. > Equations representing
these plots are:

316LN: Sy 0 average = 275(1.0453
—2.5053 x 10730 4 4.1763 x 107°¢% — 2.5069 x 107°¢°)
(min. curve is obtained by replacing 275 with 220 MPa).
Mod. 9Cr—IMo: Sy ayerage = 564.25
—0.71080 + 2.6894 x 10736> — 3.8267 x 106"

(min. curve is obtained by multiplying the above equa-
tion with 0.7)

2 Martensitic steel plots shown here, are for thick tube-
plates, for thin sections and steam generator tubes, higher
values are specified at temperatures less than 100°C.

CUCIZE: Sy ayerage = 299.9 — 0.1286 0

—1.673 x 107 ¢°,
Sy(min.) = 267 — 0.12215 0 — 1.842 x 10~ ¢”.

Notice, that both CuCrZr alloy and Mod. 9Cr-1Mo
steel show a higher yield strength than 316LN steel, at
least at temperatures up to 500°C. However, the strength
of these materials sharply declines at higher tempera-
tures. In fact, Mod. 9Cr-1Mo steel is seldom used at
temperatures above 600°C. CuCrZr is also not recom-
mended for prolonged service at high temperatures
(>300°C) due to the risk of overageing.

Fig. 2 shows plots of the S, versus temperature for
the three materials, where it can be seen that the position
of 316LN has improved as compared with Fig. 1. 3

4.2. Minimum tensile properties

Minimum properties are derived from the scatter
band of data around the average values. In the ITER
ISDC, the procedures used for calculating min. values of
stainless steel (and here extended to 9 Cr steel) are based
on the RCC-MR and ASME recommended methods:

N (0 min.) — S(U average) (S(speciﬁed at 20)/S(average at 20))7

where S, represents strength at temperature and Sy,
strength at 20°C.

* Notice that the difference between S, and S, of 316LN-IG
is a good indication of its work hardening capability and hence
its excellent toughness.



88 A.A.F. Tavassoli | Journal of Nuclear Materials 258-263 (1998) 85-96

800

700

600

[

500

LI B B L R B N B B L B B

9Cr-1Mo

400

300

200

Ultimate Tensile Strength, MPa

100

L L B L L

316LN

CuCrZr

N NN NEE N NS SN RS SR S

0 v b b v b e b e e b b e by

o

100 200 300

400 500 600 700 800

Temperature, °C

Fig. 2. Average ultimate tensile strength versus temperature trend curves for stainless steel, martensitic steel and copper alloy.

Specified values at room temperature are generally
equal to the min. values calculated at room temperature,
that here are equal to the average value minus
1.96 x (standard deviation), 4 or a confidence level of
97.5% that the data will be above the min. values.

The databases for 316LN and 9Cr steel are fairly
good and the minimum values are derived with adequate
accuracy. In contrast, the database for the copper alloys
is poor and the minimum values calculated are tentative
values.

4.3. Sy

S 1s a temperature (6) dependent allowable stress
intensity defined in RCC-MR as the least of the quan-
tities shown in Table 2.

Copper alloys would qualify as “other” in this table
and hence subjected to more severe safety coefficients,
unless one can proceed with design by analyses. The
differences between the two treatments are very impor-
tant, as in others, the allowable design stresses for
CuCrZr would fall below 100 MPa.

Fig. 3 shows plots of S, versus temperature for the
three materials. S, is governed by the yield stress of
316LN steel and by the S, of 9Cr-1Mo and CuCrZr (%
coefficient).

4 Where more appropriate, we have used the standard
deviation and the average value at a given temperature for
calculation of minimum curves. For instance, we have noted
that the data of 316LN are sometimes better bound by the min.
curve obtained from min. values at 550°C.

5. Creep properties

Time dependent design limits are derived from the
creep properties. These limits have received less atten-
tion so far in ITER, due to the fact that ITER will be
operating at low temperatures (<300°C). At such tem-
peratures stainless steel is in the negligible thermal creep
region. In contrast, copper and copper alloys will be in
the thermal creep region. DEMO and CFR operating
temperatures are considerably higher and, therefore,
time dependent properties will play a major role in their
design.

In Sections 5.1-5.3, we present a few examples of the
procedures used to calculate the time dependent design
limits.

5.1. Creep rupture

Creep rupture data are used to determine S; values
(minimum stress to cause rupture in a given time at a
given temperature). For this purpose, stress rupture
values are plotted versus an equivalent time-tempera-
ture parameter, e.g. the Larson-Miller parameter (P =
(0 +273) (log t + C), and fitted with an average trend

Table 2
Coeflicients used in RCC-MR for austenitic, ferritic-martensitic
steels and other alloys

Sy min. 20°C Sy min. (0) Su min. 20°C Su min. ()
(specified) (specified)
316LN 2/3 0.9 1/3 1/2.7
9Cr-1Mo  2/3 2/3 1/3 1/3
Others 2/3 2/3 1/4 1/4
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Fig. 3. S,, versus temperature.

curve. The constant C is separately calculated for best
fit. The minimum creep rupture curve is obtained by
subtracting 1.96 SD from the average curve.

Fig. 4 shows an example of the master creep rupture
curve obtained for the Mod. 9Cr—1Mo steel. The mini-
mum creep rupture curve is also plotted in the same
figure. From the minimum curve, values of S, for vari-
ous times and temperatures can be calculated and tab-
ulated. Similar curves are also available for the

austenitic stainless steel, but the database for CuCrZr
alloy is very poor.

5.2. Isochronous curves

Isochronous curves are used in design to limit com-
bined deformations due to tension and creep.

& =& + & + é&.
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Fig. 4. Master plot for deriving S; values of Mod. 9Cr-1Mo.
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In this equation, tensile strain is represented by the sum
of elastic (e.) and plastic (g,) strains, and creep strain by
(&)-

The elastic strain is calculated from ¢ = ¢/F, where
values of the Young’s modulus (MPa) are calculated
from its variation versus temperature (°C):

194 000 — 81.40 for 316LN
207 300 — 64.580 for 9Cr-1Mo steel
20<60<500
E = ¢ 295 000 — 2400 for 9Cr—1Mo steel
500 < 6< 600
129.2039 — 3.4523
x10720 — 4.1233 x 100> for CuCrZr

The plastic component of the tension curve is derived
from the work hardening equation. One way of doing
this, is to plot the normalised values of the yield stress
(S§0) /Sy o.2) versus plastic deformation on a log-log scale
and fit a power law curve to the data.

The equation for 316LN has the following form:

.0.096
Oaverage — Oy 0.2 average X 1~175p .

This equation is valid between 0.001% and 1%.

An example of the average curves obtained with this
equation is shown in Fig. 5.

The equation for the Modified 9Cr-1Mo steel is
similar. However, unlike 316LN, values of C and n vary
with temperature for the Mod. 9Cr-1Mo steel.

The creep component of the isochronous curves is
calculated from the creep curve (primary plus secondary
creep).

If the service temperature is below the creep regime,
then, there is no creep, &. =0, and the minimum tension
curves represent the isochronous curves. This is the case of
316LN in ITER. If the temperature is greater than the
negligible creep range (>425°C), then, deformations re-
sultingfromtheprimaryandthesecondarycreepareadded,
unless the primary creep is indefinite (this is the case of
stainless steel at temperatures between 425°C and 480°C).

Various coefficients and exponents are tabulated in
RCC-MR tables. Minimum isochronous curves are ob-
tained by using the min. tension curves instead of the
average curves. In general, however, a factor of 0.8 is
applied to the average curves to obtain the min. curves.
Fig. 6 shows plots of isochronous curves obtained for
the Mod. 9Cr-1Mo steel at 550°C.

5.3. Design criteria S, and S,

Sy is a design criterion derived from three conditions:
o 35 (0,1)
e 80% of min. stress to the end of secondary stage in
time ¢
e Stress from the min. isochronous curve that results in
1% deformation (elastic + plastic + creep).
Combining the limits of S, and S; and choosing the
minimum of the two, gives Sy,. Fig. 7 shows an example
of this for the 9Cr-IMo steel.
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— =tensile (mean) 100°C
- == = tensile (mean) 200°C
----- tensile §meang 300°C
400 | ===~ tensile (mean) 400°C § I ‘
— tensne (mean) 500°C b
350 %@ns ile {mefm) 50(} C
- tensile (mean) 650°C
300 +
s 250 F
% r
g 200 :
o r
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100 E-
- average tensile curves 316LN I
50 | RCCMR =
0 L L L L I 1 i L L ' ' L L ' .
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Fig. 5. Average tension curves of 316LN at temperatures 20-650°C.
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Fig. 6. Average isochronous curves of Mod. 9Cr-1Mo steel at 550°C.

6. Fatigue and fatigue—creep properties

Damage resulting from repeated loading is controlled
through fatigue design limits. For this purpose contin-
uous fatigue and fatigue—creep tests are performed on
appropriate specimens. > Two types of test are generally
performed, (a) strain controlled and (b) load controlled
tests, with the former being more relevant to fusion re-
actors (low cycle fatigue, thermal stresses). Most of these
tests are performed using fully reversible triangular cy-
cles at a strain rate of about 3 x 107%/s.

Fig. 8 shows an schematic representation of the
variations of strain and stress versus time, during a
continuous fatigue test and a simultaneous fatigue—creep
test. © In the latter case, the specimen is held at max.
tension and/or compression side of the fatigue cycle for a

5 Unlike tensile and creep properties, fatigue test results are
very sensitive to specimen shape, specimen preparation, testing
conditions, extensometry, etc. The data used for code analyses
are, therefore, rigourously controlled with respect to these
parameters. For instance, in the case of 316LN and 9Cr-1Mo
steels, the data are sorted to retain only those obtained on
standard parallel sided specimens (no miniaturised or hour-
glass specimens) with axial extensometry. Fatigue data collected
on copper alloys come from various laboratories and have yet
to be fully validated.

® As compared with the simultaneous fatigue—creep testing,
sequential fatigue—creep or creep—fatigue testing consists of
fatigue cycling the specimen for a number of times before
subjecting it to creep (or vice versa). Fatigue and creep loading
parameters are varied to cover different combinations.

given time (Af). During this hold period, stress relax-
ation occurs while the deformation remains constant.

6.1. Continuous fatigue

Fig. 9 shows plots of the fatigue endurance for the
three materials. Those of the 316LN and the Mod. 9Cr—
IMo steels are at 550°C and the one for CuCrZr at
350°C. Additional data on CuCrZr have been reported
in [14-17] but, here, only data given in IMPH are used.
For comparison, it is pointed out that the fatigue en-
durance curves of the two steels at 350°C are slightly
higher than the curves shown at 550°C.

The average curves are fitted in Fig. 9 using the
Langer equation in order to account for the fatigue
threshold at high cycles. In the low cycle region, Man-
son—Coffin equations (strain range partitioning) can also
be used with adequate accuracy. Design curves are ob-
tained from the average curves by applying a factor of 2
to the strain range and 20 to the number of cycles to
rupture.

6.2. Cyclic hardening curves

These curves are used, amongst others, to calculate
creep damage in creep—fatigue tests. The usual proce-
dure is to plot half stress range, taken at half life ’

s

7 By convention half life value is used. However, not all the
materials show typical plateau observed for SS after initial
rapid hardening during a test. Martensitic and copper alloys
could even show a fatigue softening.
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Fig. 7. Determination of Sy, for Mod. 9Cr-1Mo steel.
versus half strain range, to obtain a similar plot as those 6.3. Fatigue—creep damage calculation
obtained from tension tests. The initial strain at first
quarter cycle is often used to plot the latter (monotonic Fatigue—creep interaction occurs when the material is
hardening). This method has the advantage of using subjected to the two types of loadings. The operating
data from the same material for both monotonic and mode of ITER is a good example of this. There, fatigue
cyclic hardening curves. Equations describing cyclic damage is due to heating ups and cooling downs, and
hardening of 316LN and Mod. 9Cr-1Mo steel have been the creep damage due to the sum of pulse durations (At
presented elsewhere [2,4]. Fig. 10 presents these curves =1000 s). In ITER, fatigue damage is the dominant
for CuCrZr alloy (data extracted from [14]). parameter, as the first wall will be subjected to several

Fatigue with hold time
hold time

_ /.
AN

Astress Astress

> >

time time

strain Fatigue strain

o
<

v

Fig. 8. Schematic representation of the evolutions of strain and stress versus time, in strain controlled continuous fatigue and creep—
fatigue tests.
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thousand short exposures. In DEMO and CFR, the
reactor will be operating for long intervals (>100 h)
before it is shut down. As a result, the creep component
of the creep—fatigue damage will be greater.

Two methods are used for calculating fatigue—creep
damage. One is time based and the other ductility based.
The simplest one to use is time based linear damage

cumulation. Here, the fatigue part of the damage (N/Ny)
is calculated from the ratio of the number of cycles (V)
over the number of cycles to rupture under the same
strain range in continuous fatigue (Ny). The creep part of
the damage (¢/t,) is calculated by adding the time of hold
times at a given stress (calculated from cyclic hardening
curves) and dividing it by the time to rupture at the same
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Fig. 10. Calculated cyclic hardening curves for CuCrZr alloy shown with experimental data (larger captions).
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stress in continuous creep. If creep is negligible, then
fatigue design curve remains unchanged. If the creep
damage is not negligible, then the outcome would result
in a shift of the fatigue design curve, Fig. 11.

The actual calculation, however, is not so simple.
This is due to the fact that the peak stress at which hold
time starts varies during a fatigue test, and that different
relaxation curves could result from this. An approximate
solution is to use the stress at half life, fit a curve to the
relaxation data at this stress, and then use this curve as
the reference curve for all cycles. The relaxation curve
is divided into several segments and an average stress is

1 Stress, MPa

Strain, %

Stress relax

e

calculated for each segment and used to calculate the
creep damage per segment [18], Fig. 12.

6.4. Fatigue—creep interaction diagram

Calculated creep and fatigue damage fractions are
plotted on an interaction diagram, where pure creep
damage is represented by coordinates (0,1), and pure
fatigue damage by coordinates (1,0). In ASME and
RCC-MR, these points are connected to a point with
coordinates (0.3; 0.3) for stainless steel. The cumulated
damage must lie below this limit to avoid failure.

o ?:Gi (avaerage)

“V\\&“‘\m«
— o 5

At

1

Hold time, h

Fig. 12. Example of the curve fitted to the 9Cr-1Mo relaxation curve.
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Fig. 13. Example of fatigue—creep test results obtained for 316LN. Experimental results shown in this figure are limited to one heat and

to code qualified results.

As shown in Fig. 13, neither method of damage
calculation is perfect [19]. Often, cumulated damage
before failure is far greater than 1, suggesting an over-
conservatism of design. This is due to the fact that one
damage mechanism can clear the damage from the
previous mechanism by rearranging the dislocation
substructure. However, there are cases where failures are
below the experimental data available. Since, creep—fa-
tigue tests are very long tests, there is a tendency to
accelerate these tests by applying high strain ranges. The
results obtained from such tests are seldom applicable to
the lower strain range tests.

7. Conclusions

e Existing codes and procedures can be used to calcu-
late most of the design criteria needed for fusion re-
actors.

e Additional design Criteria are being written for
ITER and DEMO to include effects not covered by
the existing rules (e.g. effects of irradiation).

e Full adaptation of either set of rules for fusion reac-
tors is, nevertheless, hindered due to utilisation of
high temperature manufacturing techniques that

could alter the initial materials properties or the lack
of data for some materials.
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